Section of IDbVsical I1ebicinie
President-K. R. COLLIS HALLOWES, M.B. (januayry 20, 1939) Physiological Aspects of Rheumatism By Professor SAMSON AVRIGHT (Department of Physiology, Mliddlesex Hospital Mledical School) IT is proposed in this paper to discuss such physiological principles and facts as may be of value in understanding some of the svmptoms and signs of rheumatism, and critically assessing the methods of treatment which are in vogue, or which have been suggested. Rheumatism is a disease which is protean in its manifestations; further, when treatment is attempted, many systems or parts of the body may be subjected to vigorous onslaught. It is inevitable, therefore, that, in this paper a wide field should be covered somewhat superficially. Special attention will be paid to the follow-ing topics: (1) Mechanism of pain, particularly that arising in muiscle. 
Ilechani.srn of Somatic Pain
The various encapsulated nerve-endings present in the skin are concerne(l with the sensations of heat, cold, and touch. The muscle spindles in muscle and the organs of Golgi in the tendons are stimulated by changes of tension, whether these are produced actively as a result of contraction, or passively by means of stretch. Pain sensibility in the skin is subserved both by free nerve-endings and by plexuises. The free endings are derived from both small myelinated and unmyelinated nerve-fibres. The former often penetrate the epidermis, and may end finally between the cells or actually in the cytoplasm of the tissue cells. This observation is significant, as the nerve-endings would thus be readily affected by changes in cellular metabolism, such as might be produced by a noxious agent. Woollard (1935, 1936) has also described unmyelinated plexiform networks in the subepidermal layers of the human skin. He suggests that sharply localized epidermal pain may be mediatedl bv the more superficial fibres, and that less accurately localized pain is due to the fibres in the dermis. It is important to remember, however, that stimulation of sensory receptors other than those specifically concerned with pain cannot give rise to pain sensation. Thus, if a needle is inserted forcibly into a Meissner touch corpuscle, though it miiust undoubtedly cause intense stimulation, it evokes no conscious sensation other than that of touch or pressure. Little is known about the pain nerve-endings in mulscle. According to Hinsey (1927 , 1928 , free nerve-endings are found round the blood-vessels in niuscle and in the aponeurotic sheaths, and subserve pain in these localities.
Physiological investigations during the last decade, especially those of Adrian (1928 Adrian ( , 1931 in this country, have greatly clarified our ideas of the mode of action 8 of the sensory organs, especially those in skin and muscle. Though there is still some uncertainty about the exact anatomical identity of the endings subserving the various modalities of sensation, there is no doubt that in each case there is a specific type of nerve-ending which responds to an appropriate and specific stimulus, and to none other. The quality of a sensation depends on the properties, largely not understood, of the region of the brain in which the impulses from the sense organ end. Thus, activation of the appropriate region of the occipital cortex gives rise to a sensation of sight, whether it is due to a light falling on the eye, artificial stimulation of the optic nerve-trunk, or irritation of the cortex itself. In the case of pain sensibility there is considerable doubt whether the cortex mediates the sensation, and it is more probable that its seat is mainly in the thalamus. The intensity of the sensation depends on the frequency of the impulses set up in the peripheral sense organ, and this may vary from a few to several hundred per second. The extent of the area stimulated is judged from the number of afferent fibres simultaneously activated. Less is known about the way in which sensation is localized, but probably it depends on the anatomical connexion between points in the peripheral sensory field and special groups of cells in the sensorium.
The sensation of pain is of especial concern to us here. It is undoubtedly a specific sensation, and not a mere intensification of other sensations. Lewis (1938) suggests that a complete description of pain should comprise a statement of " severity, kind or quality, and relation to time, locality and the circumstances in which it is felt ". Severity cannot be considered in great detail because it is too dependent on the patient's emotional and mental make-up to be gauged with any accuracy. The duration and the time-intensity curve is of great diagnostic value. Localization of the pain, though important, is difficult when one deals with the deeper visceral and somatic structures. Detailed information on this point is not readily elicited when much time has elapsed since the pain was experienced. It is, however, most important to assess the quality of pain. Lewis has presented evidence that three kinds of somatic pain exist, coming respectively from skin, muscle, and tendon, and differing qualitatively in their characteristics. Skin pain is always of the same quality, whether produced by pricking, burning, passage of an electric current, or the application of irritant poisons. The short, painful sensation produced in these ways is best known as pricking. More prolonged sensation of the skin set up in this way gives rise to a burning pain, whether it is due to heat or not. The muscles can be the seat of pain which is disagreeable, continuous, perhaps fluctuating in intensity, diffilse and difficult to locate; though indescribable, it is quite different from skin pain. It can be produced by exercising a muscle under ischaemic conditions, squeezing the muscle violently or injecting into it hypertonic, or acid isotonic, saline solutions. Muscle pain may be referred to distant parts. The third kind is web pain, because it is elicited by pinching the short web of skin between adjacent fingers. Similar pain is elicited by appropriate stimulation of tendon or periosteum. Kellgren (1938) has drawn renewed attention to the presence of tender spots in myalgia or fibrositis which, when pressed upon, give rise to diffuse widespread pain similar to that from which the patient suffers during his attacks. This more generalized pain is of a referred character. When the tender spots are infiltrated with a local aneesthetic both the local and referred pain disappear, sometimes for as long as one to four weeks. This may account for the beneficial effect of massage and of radiation therapy applied to localized tender spots which are probably the actual foci of the disease.
Lewis (1932) has-studied more particularly the mechanism of ischaemic muscle pain. The circulation to an arm is entirely occluded and exercise is carried out by performing a gripping movement with the hand at the rate of once per second. Pain sets in in about 30 seconds and is intolerable in 70 seconds. Though the pain is diffusely felt, it is most marked in the muscles. It is not due to vascular spasm because, after occlusion, the blood-vessels lose their tone. It is not due to muscular tension because it is continuous and is not accentuated during the phase of contraction. It is the result of activity because it is related to the amount of exercise which is performed. It is not due to local anoxia. If the limb is exercisedl to a point short of pain and the occlusion kept up, no pain develops, although the anoxia is becoming progressively more intense. It is suggested that activity liberates a pain-producing factor (P) which normally passes into the tissue spaces and is removed by the bloodstream. This substance accumulates in conditions of ischcomia, and so gives rise to pain. If pain has appeared and the ischoemia is maintained without further exercise, the pain gets no wNorse. On releasing the circulation the pain rapidlv disappears.
MVuscle Mletabolism (see Eggleton, 1935) Our ideas oni muscle metabolismii are very imutch more inidefinite an(l less (logmlaltic than they used to be. It was thouight at one time that the essential chemical chancre which liberates energyv in muscle, and so enables w-ork to be performiied, was the breakdown of glycogen. Little attention was paid to the other and perhaps miioire specific constituients of minscle, though it was probable that they served some purpose. The schema belowr gives in a very diagrammatic form sorne of the principal reactiolns a(ld their time relationships.
Schema of Muscle Metabolism
A. Reactions occurring when muscle is stimuilated to contract in ani atitmosphielre of nitrogen.
(1) Adenyl pyrophosphate adenylic acid -V phosphlate.
(2) Creatine phosphate creatine +-phosphate.
(3) Glycogen --lactic acid.
(4) Lactic acid + muscle protein or other base -* lactate.
All these reactions are exothermic and give out energy. They probably ocCulr in the order indicated. In the case of the first two reactions, resynthesis of the originall complex compound may occur even anaerobically if free energy is available.
B. Reactions occurring when muscle is stimulated in an atmnosphere of oxyg,eni.
(1) All those given in A (1-4).
(2) Resynthesis of adenyl pyrophosphate and creatine phosphate.
(3) Conversion of lactate into (a) glycogen or (b) its combtustion to (10C aikl water.
(4) Combustion of other foodstuffs (possibly fat) to CO2 and water. Reactions B2 and 3 (a) are endothermic (taking up energy), and 3 (b) an(d 4 ar-e exothermic.
The schema is certainly a very incomplete representation of what really takes place, and there is no doubt that many hitherto unknown cheimical reactions of considerable importance occur. Most of these interactions are couipled in the sense that the second stage depends on the occurrence of the first; many intermediate stages are passed through between the original substance and the appearance of the final end-product. Neither glycogen breakdown nor phosphagen break(lown are essential for muscle contraction, and it is uncertain whether adenyl pyrophosphoric acid is any more indispensable. As is shown in the schema, most of the reactions occur in the absence of oxygen, and oxygen is only necessary for the final recovery processes. As has been mentioned, some of the reactions liberate and others take up energy, but nothing is known about the way in which the free energy is convertedl into mechanical work. If a muscle is exercised excessively under conditions of inadequate blood or oxygen supply, fatigue sets in, leading finally to comnplete loss of excitability. Nothing is known of the causation of fatigue, except the negative informliation that it is not due to the rise of H-ion concentration or to lactic acid accuiiulation. Even the cause of rigor mortis is unknown. Extracts of muscle have been proved to contain choline or acetylcholine, histamine (probably derived from carnosine which is fl-alanyl-histidine) and adenosine (from adenyl-pyrophosphate) (see Gaddum, 1936) . These substances have complex and important pharmacological activities, but share one property in common namely that on injection they lower the blood-pressure and produce dilatation of blood-vessels. It is possible that, when tissues are damaged, some or all of these substances are liberated. It mav be that even quite trivial injuries such as those inflicted during massage may act similarly. Muscle extracts may also contain a blood-pressure raising (pressor) substance of undetermined identity, which is related to tyramine.
Reference has already been made to the " P " factor which Lewis postulates as being liberated in mnuscle duiring ischaemia, and which is responsible for the associated painl.
Lastlv, mention must be made of the -work of Alam and Smirk (1938 a, b, c, d) .
who have sho'wn that muscular activity in man leads to local formation of still another ageint wAhich stimulates sensory nerve-endings in the active area and so reflexly raises the blood-pressure and increases the pulse-rate.
The Interchange of Fluid between Blood and Tiss?e Spaces and the Flowv oJ Lymph
The proper nutrition of the tissues depends very largely on their blood supply, acnd so it will not be out of place to summarize briefly the main factors regulating the state of the circulation in skin and muscles (see McDowall, 1938) . The skin is supplied by many sympathetic nerves (almost wholly vasoconstrictor in character) which control not only the arteries but also the capillaries and venules. There are in addition a few sympathetic dilator nerves, and other dilator fibres (illunderstood), in the posterior nerve-roots. The skin vessels are markedlv affected bv changes in the tonic activity of the vasomotor centre and( are, of course, readily accessible to local mechanical, thermal and chemical stimuli.
The blood supply to the muscles is regulated partly by local products of activity and( partly by a general adjustment of the circulation. If the exercise is moderate in character and restricted to a small part of the body, the formation of dilator substances in the active areas increases the blood supply adequately to provide for the greater needs. If the activity is more severe and general, a complex adjustment of the entire cardiovascular system occurs, which leads, on the one hand, to a much greater cardiac output and, on the other, to a diversion of most of this outflow to the active regions. The blood supply to the muscles may increase eight or ten-fold under these circumstances.
The factors principally concerned in regulating the actual fluid exchanges between the blood and the tissues are summarized in the diagram on p. 11. The plasma protein concentration is 6-8%, and exerts an osmotic pressure of about 25 mimi.Hg; the corresponding protein concentration in the tissue spaces is believed to be small, and so its osmotic pressure can be ignored. The blood-pressure at the arterial end of a capillary is of the order of 30 mm.Hg, and at the venous end about 10 iiimm. The hydrostatic pressure in the tissues is approximately atmospheric.
The salts of the blood and tissues can be ignored because the capillary membrane is freely permeable to them and allows them to pass through, so that normally these concentrations are the same on the two sides. In a resting tissue the sequence of events is as follows: at the arterial end of the capillary the outward driving force of the capillary pressure exceeds the inward pulling force of the protein osmotic pressure, with the result that fluid (containing all the dissolved crystalloids and gases of the plasma) is driven out into the tissue spaces. The tissues thus receive their supplies of nutriment. At the venous end of the capillary the balance of forces is reversed, the capillary blood-pressure now being less than the protein osmotic pressure. Consequently fluid flows in from the blood into the tissue spaces, carrying with it again all the crystalloid constituents, including the various waste products which have been made in the tissues. Any factor which dilutes the blood tends to reduce the protein osmotic pressure and raise the capillary pressure, and so leads to a greater outflow into the tissue spaces. This occurs after drinking large quantities of water, and more so after drinking saline, or when saline is given per rectum or subcutaneously. Conversely, fluid loss from the skin in sweating, from the bowel in diarrhcea, or from the lungs in excessive breathing, leads to a withdrawal of fluid from the tissue spaces.
During muscular activity the amount of exudate pouring from the blood into the tissue spaces is enormously increased, and may amount to 2 c.c. per 100 grm. of Arterial . I Venous tissue per minute. The fluid content of the muscle may increase by about 20%. The main factors involved are (i) an immensely greater blood supply due to general circulatory adjustments and local vasodilatation; (ii) an increased blood-pressure throughout the length of the capillaries; (iii) an increase in the number of patent capillaries and dilatation of those previously open; (iv) increased capillary permeability; (v) the accumulation of (hypothetical) osmotically active products of metabolism in the tissue spaces (cf. Samson Wright, 1936) .
The role of the lymphatics is still very puzzling (8ee Drinker and Field, 1933).
They begin as minute channels in the tissues which are completely clothed by an endothelial lining. It is not known what forces are responsible for transferring fluid from the tissues into the lymphatics. Judging from animal experiments, the resting flow along lymphatics is small. With the animal lying on the table and a cannula inserted into a lymphatic in the leg, no flow whatever occurs except as a result of massage. During muscular activity, the lymph-flow greatly increases, as it APRIL-PHYS. MED. 2* r 11 655 then constitutes the major channel for draining the excess fluid away. The movement of fluid along the larger lymphatics depends on the same factors (in the main) as promote the venous return. These are muscular movements massaging the vessels, aided by the valves in the lymphatics; the descent of the diaphragm raising intraabdominal pressure, and so helping to expel the lymph from the abdomen; and lastly the negative intrapleural pressure w-hich aspirates the lymph into the thorax, and so finally into the great veins.
Critical Analysis of Mlassage (cf. Mlock, Pemberton and Coulter, 1934) The movements employed in massage are differently described and classified by different authors. Mennell (1934) recognizes three main varieties of movement: stroking, compression, and percussion movements. Further subdivision is suggested by other writers and considerable confusion in terininology seems to exist.
Stroking movements may be superficial or deep. When the movement is centripetal it is often called effleturage; when in the reverse direction it is simply described as stroking. Mennell argues that the direction of superficial stroking is immaterial from the therapeutic standpoint, so long as it is slow, gentle, and rhythmical in character. Others regard centrifuigal stroking as irrational and ineffective. Mennell does, however, insist that the movements used must always be in one direction only. It is advocated, however, that deep stroking massage should alw%ays be performed centripetally only.
Extensive physiological and therapeutic effects are said to result fromi these procedures (cf. Copestake, 1933) . Superficial stroking is said to improve the cutaneous circulation, especially by promoting the flow in the superficial veins and lymphatics; to facilitate interchange of tissue fluids; to increase the nutrition of the tissues and to remove products of fatigue or inflammation. It is even said to accelerate gaseous interchanges between the skin and the external air. Great stress is laid on the reflex effects resulting from the special kind of sensory stimulation employed. These claims must be examined critically in the light of current physiological knowledge. Very light stimulation acts directly on the capillaries in the skin, causing them to contract with resulting pallor. This reaction accounts for the white line " which is obtained when the skin is gently stroked. The response is independent of the integrity of the local nerve supply, and is due to the independent contraction of the capillary wall in response to mechanical stimulation. More vigorous stroking, especially in suisceptible subjects, produces cutaneous vasodilatation of varying degree. This type of reaction can be conveniently studied when the skin is vigorously stroked or scratched. The complete reaction consists of the so-called 'triple response " of Lewis (1927), namely capillary dilatation, ateriolar dilatation, and whealing; commonly only the first two reactions are obtained. The triple response is attributed to local liberation of histamine from a precursor in the skin. The capillary dilatation Xwhich accounts for the reddening of the skin is due to a direct action of histamine on the capillary wall.
The arteriolar dilatation is due to a local axon reflex ; histamine stimulates sensory nerve-endings and impulses pass through cutaneous nerve plexuses to reach adjacent arterioles. As a result, the blood-flow through the skin is increased, and the cutaneous temperature may rise by 1°or 2' F. The permeability of the capillaries is increased, and, as their internal pressure is simultaneously raised, there is a greater exudation of fluid into the tissue spaces. In susceptible subjects odema or wheal formation may take place because of the great volume of fluid which is allowed to escape from the blood; this fluid is abnormally rich in plasma proteins. If the stroking is centripetal in direction, the flow in the superficial veins and lymphatics may be hurried on, but the effect is unlikely to be significant when the circulation is normal. It might, however, be of greater value when the circulation is obstructed or impaired. It is probably inaccurate to stress excessively the effects on the lymphatics even in patho-logical states. Judging from animal experiments, the normal resting rate of flow in the lymphatics is very low compared with that in the veins. Lymph-flow can be measured in animals in the larger vessels by appropriate cannulation. A substantial flow is obtained in certain circumstances, e.g. when the capillary walls are abnormallv permeable, when there is a large decrease in plasma protein concentration, or a great inicrease in capillary and venous pressure. These are conditions which are mainly pathological, and act by increasing tissue fluid formation. Physiological activity is untidoubtedly the principal normal factor controlling the process. Lvmph-flow is, how-ever, influenced to some extent by massage or passive movement. The flow obtained by massage from the hind paw of an anasthetized dog varied from 0 3-3:6 c.c. per ten minutes, which is very small compared with the blood-flow. The weight of the part was about 200-300 grm. In some animals practically no lymph at all can be obtained from lymphatics under normal conditions.
Practically nothingf is known about skin metabolism, so it is idle to speculate about its possible modification by massage, or about the effects of massage on the rate of removal of fatigue or other noxious products. Sweat secretion is not significantly increased by local vasodilatation, but sebaceous secretions may be expressed.
It is difficult to dogmatize about the reflex effects produced by massage. Adequate anid properly controlled clinical observations appear to be scanty. In experimental aniimials, sensory nerve stimulation produces effects which vary with the nerve used, the kind, strength, and duration of stimulation, and the state of the animal. The blood-pressure and heart-rate may rise or fall; there may be slight modification in one direction or another of sympathetic or parasympathetic tone, with resulting changes in visceral activity; breathing may be profoundly altered. Similarly, in iian, it may be supposed that the effects will depend on the exact mode of stimulation emiployed, and will vary with different kinds of mechanical, thermal, or chemical stimulation. This problem at present seems to demand further investigation rather than extensive discussion. Impulses set up in the skin will reach the subcortical or cortical levels and modify activity there. Remarkable curative effects are claimed for superficial stroking in conditions labelled neurasthenia, and in insomnia. If the claims are justified, thev cannot as yet be accounted for by any known physiological considerations. The psychologist may, however, suggest that the manner and personality of the masseur mav be of especial importance.
Deep stroking will doubtless tend to produce a greater degree of cutaneous vasodilatation and greater mechanical effects. It may influence mechanically the activity of uinderlying viscera also. It is conceivable that the slight immediate tissue damage that occurs may liberate histamine and other metabolites, depressor as well as pressor, in suifficient amounts to enable them to enter the blood-stream, and so produce effects at a distance.
Compression movements include kneading, friction, and petrissage. Percussion movements, which may also be considered here, include hacking, clapping, and beating. Somewhat sweeping claims are made for these procedures. Friction is alleged to help absorption of fat in fatty tissues. This seems to be wholly without foundation. Mechanical treatment of this kind can only cause removal of local fat blv breaking down the cells of the adipose tissue, so that, the stored fat is liberated. This can only occur when grave local injury is inflicted. Even then the liberated fat would remain locally. If it were absorbed, it would only be deposited elsewhere, and Inot be finally disposed of. As a treatment for obesity it seems wholly irrational.
Compression and related movements are said to influence muscular activity promoting contraction or relaxation. Fatigue and other waste products are said vo be removed: among those specified are uric and butyric acids, which are never found in muscle, and carbonic acid and lactic acid, which diffuse freely into the blood and can only be influenced by increasing the local circulation. The local vascular and lymphatic circulations are improved, and the nutrition of the part is said to be maintained during a period of forced inactivity. It is claimed that muscular activity set up by massage is preferable to that occurring during voluntary movement, because the latter involves what is called " exhaustion of nervous energies ". Stress is laid on more indefinable effects, such as an increased sense of comfort and well-being in the muscles. It is alleged that conduction in spinal nerves is modified, being facilitated by weaker stimulation and depressed by stronger. The activity of the local vasomotor nerves may be modified, body temperature raised, and a complex variety of reflex results produced.
It is necessary first to clear the ground to some extent by disposing of those claims that have been disproved. General vigorous massage does not increase 02 consumption, CO2 output, or heat production, unless there are associated movements of the muscles. This means that the degree of muscular activity induced locally or generally is too small to be measured. There is no change in the blood lactate or inorganic phosphate. The composition of the urine is unaltered, and there is an insignificant increase in urinary output, which may be due to massage of the abdominal vessels. The claims usually made that muscle wasting is prevented or muscle nutrition improved by massage when unaccompanied by movements seem to require more rigorous proof. Some local effects are undoubtedly produced in the muscle. Massage of resting muscle in animals produces a definite increase in local blood-flow, but it is small compared with that resulting from activity, or occurring during passive hyperremia. Chemical agents may be liberated or expressed into the blood, and may produce local or general effects. In this connexion it is worth again drawing attention to the many metabolites, both known and unidentified, that are liberated during muscle activity, or during muscle damage or ischawmia. Some or all of these might be liberated by massage. The blood-pressure might be raised by mechanically increasing the venous return, or lowered by increasing the vascular capacity locally. It is uncertain whether direct mechanical stimulation of this kind can produce a direct muscular response, say, in denervated muscle in which reflex reactions are of course excluded; the point is worth looking into. Particular attention must be paid to reflex effects, both on the muscles stimulated, on museleselsewhere, and on other organs. Experimentally, we know that stretch of a muscle may cause reflexly local contraction or reflex relaxation. If the stretch is within certain moderate limits, reflex contraction results, which is the basis of the tendon reflexes and of muscle tone; if the stretch is greater in extent, then reflex relaxation occurs, as shown in the so-called lengthening reaction of Sherrington. More remote effects may also be produced. Stretch of the hamstrings reflexly inhibits tone in the antagonistic quadriceps; stretch of the quadriceps produces contraction of the opposite quadriceps. Many more distant muscular changes could be specified. Experimentally, stimulation of muscle afferents produces the same complex and variable autonomic responses as were noted in the case of the skin. These reactions require detailed study under suitable conditions in man. Here, too, it would be wiser to refrain from commenting on the psychological effects of these procedures.
Effects of Local Heat Here we are on much surer ground. If heat is applied to a limb, or if the limb is plunged into hot water at a temperature of40OO45o C., marked cutaneous reddening results. The vasodilatation observed is due to a number of factrs. ieat acts directly on the walls of the superficial vessels; there is also a reflex dilatation through the central nervous system resulting from stimulation of the heat nerve-endings; lastly, there is local liberation of a histamine-like substance (especially with higher temperatures) leading to the usual triple response. The beneficial effects on cutaneous blood-flow and tissue-fluid interchange would be identical with those resulting from vasodilatation produced by any other means.
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Less is known about the effects of external heat on the circulation in the muscles. The temperature of the deeper structures rises slowly, because of the insulating action of the fatty subcutaneous tissues. Such dilatation as may occur in the muscles as a result of local heating must be brought about almost entirely through reflex channels.
Reactive Hypercemia (see Lewis and Gi(ant, 1925) Reactive hvperawmia is a phenomenon of great physiological interest, and is probably worthy of more extensive clinical use. The essential facts are well known. The circulation to a limb is obstructed for a period of, say, five minutes by means of a tourniquet or a suitably inflated blood-pressure cuf. The obstruction is then removed. Within a few seconds the skin flushes brightly, attaining its maximum colour at once, and the volume of the pulse is increased. The hyperaemia declines somewhat after twenty to thirty seconds, and is gone in a few minutes. The associated changes can be measured quantitatively by enclosing the limb in a plethysmograph. The inflow of blood when the circulation is released is determined by measuring the degree of swelling which is obtained during a short period of venous obstruction at 55-70 mm.Hg pressure. The response after occlusion is affected by a number of factors: (1) The temperature of the plethvsmograph or of the outside air; at 18°and 41°C. the resulting increases in volume may be 2 c.c. and 15-20 c.c. respectively. (2) The duration of the occlusion: the degree of hyperoemia is greater and more lasting as the period of occlusion is prolongedl.
Occlusion lasting for ten minutes produces a greater degree of hypernemia of the limb than does soaking it in water at 430-440 C. for half an hour; it also compares fairly well quantitatively with the hyperaemia resulting frommnuscular effort. In the latter case, however, it is more persistent and affects the imiuscles chiefly, rather than the cutaneous vessels.
Reactive hyperoemia also follows venous obstruietioni. On releasing the occlusion there is, of course, an initial decrease in limb volume, owing to the escape of the blood stored up in the distended capillaries and veins. This is accomnpanied, however, by an increased inflow of considerable magnitude. The follow-ing data of Lewis and Grant (1925) are of interest : The resting inflow per 10)0 c.c. of tissue per minute was 10 c.c. ; after venous congestion for one, five, and ten imiinuites, it rose to 16, 41, and 58 c.c. respectively.
The vessels concerned in reactive hyperaemia are (1) the capillaries which dilate, accounting for the flushing of the skin, and (2) the arter ioles wrhich dilate, accounting for the increased blood-flow and pulse volume and the local rise oftemperature. These changes are probably due to accumulation during occlusion of dilator metabolites, known or unknown. We may go some way tow-ards identifying the agents concerned (Barsoum and Gaddum, 1935) . If a limb is lnd(le ischbemic in animals by blocking the arterial supply, the venous outflow is fouind to contain memiibers of the adenosine group and histamine in excess. These, andl local acidity, are probably the main agents concerned. In addition, these factors may be responsible for promoting the establishment of a collateral circulation when the obstruction is of a lasting character. In venous obstruction there must also be ain increase in tissue fluid formation, owing to the raised capillary pressure and therefore a raised filtering force. When reactive hyperaemia follows, the dilatation of the arterioles leads to a rise of capillary pressure from the other (arterial) end ; the increased blood-flow, too, must accelerate tissue fluid interchanges. Arterial occlusion only increases these interchanges subsequently, during the period of reactive hvper3emia. As was previously pointed out, local heat leads to vasodilatation and increased capillary pressure; but the increased tissue fluid formation in these experimnents is presumably mainly in the skin, and not in muscles, as in the ischawmic experiments.
Other methods of increasing fluid interchanges have been touched on previously; thus ingestion of water, especially of saline, leads to temiporary filling of tissue spaces, from which fluid is subsequently withdrawn. Extensive sweating causes withdrawal of fluid from the tissues which must subsequently be replenished. A simple rise of arterial pressure, unattended by activity, causes no change in fluid interchanges or lymph-flow unless it is associated with great congestion of the part, of such magnitude that it leads secondarily to a rise of venous pressure.
Pyrexial Treatment (8ee Neymann, 1938) The treatment of rheumatic conditions by means of elevation of the general body temperature has been advocated and practised increasingly, especially in America. Normal body temperature depends on the accurate balancing of heat formation and heat loss. By increasing the former, or diminishing the latter, body temperature is elevated. If a man is completely insulated so that he neither loses heat to, nor gains heat from, the exterior, the body temperature would rise by about 20 C. per hour simply as a result of retention of the heat liberated from normal resting metabolism. The rise is, in a sense, a small one, owing to the very large heat capacity of the water which constitutes nearly 80% of the body-weight. If the body were made of steel, the rise of temperature would be eight times as great. The high heat capacity is, of course, shared by blood, which enables it to transport large amounts of heat for a given rate of flow. It also enables small temperature gradients to lead to large heat exchanges.
Heat loss in the normal person at rest occurs by radiation and convection from skin (73%), evaporation of water from skin (14%) and lungs (7%), warming of expired air (4%), and of exereta (2%).
Loss of heat from the lungs depends on temperature, humidity and volume of respired air, which is expelled saturated at 330 C. The resting water loss at rest from the lungs is about 400 c.c., and from the skin 800 c.c.
Evaporation from the skin is the main process which is adjusted to increase heat loss. It takes place in two ways:
(1) By insensible perspiration. This goes on at a fairly uniform rate over the whole body surface, except for a few regions such as the face, neck, dorsum of hand, soles and palms, where it is substantially higher in increasing order. It varies to a limited extent only. It consists of the physical passage of water by diffusion of tissue fluid through the epidermis; the amount of insensible perspiration is not diminished in people without sweat-glands.
(2) By sweating (cf. Kuno, 1934) . There are two kinds of sweat-glands in man: (a) Eccrine, distributed generally over the surface of the body, excreting a dilute solution of sodium chloride, urea, and lactate. (b) Apocrine, large glands found mainly in the axillse and pubis, and forming a secretion of variable composition.
Sweating is mainly produced reflexly by stimulation of heat nerves, but occurs to some extent also from a rise of brain temperature. The distribution of sweating differs in muscular exercise and in hyperpyrexia. In the latter it takes place mainly on the forehead, dorsum of hand, chest and neck, thigh and forearm, axilla, palms and soles, in descending order. In activity or hyperpyrexia, heat loss from evaporation may account for 80% of the whole (as against 14% at rest).
It is well known that a considerable degree of hyperpyrexia may occur in violent exercise, depending on its severity and duration and the facilities for heat loss. Temperatures of 103°F. or over may be attained. In resting persons, pyrexia can be produced by drugs which stimulate metabolism, but toxic doses have to be employed. Usually a combination of heating and impaired heat loss is employed.
If a patient is immersed in a hot bath, loss of heat from the submerged regions of the skin is arrested or converted into heat uptake by the greatly increased local bloodflow. The process of heating is relatively slow, and the temperature attained is limited by the tolerance of the skin to the damaging action of the hot water. It is suggested that the bath be at a temperature, initially (or, in less tolerant patients, Section qf Physical ifedicine 661 finally) of 110°F. (43.5 C.), which is miaintained for one hour. When the temperature of the patient is within 1.-5 of that aimed at, the bath temperature is gradually lowered till it equals the body temperature desired. A body temperature of 104°F. may be thus attained. Heating can also be produced by means of heated blankets, or by placing the patient in an insulated conditioned preheated bag.
The procedure mainly advocated now is to heat the body by means of penetrating high-fiequency currents, combined w-ith insulation to minimize heat loss. The body temperature can be raised more rapidly than with hot blankets, but not more rapidly than in a conditioned air cabinet containing moist air at a temperature of 120°-160°F. For a given rise of body temperature the pulse-rate is related to some extent to skin temperature. In fever, for instance, there is a rise of 8-10 beats per 1°F. rise of temperature. In pyrexia produced by electromagnetic induction, skin temperature is lower than with a similar degree of pyrexia resulting from the external heating, and the pulse-rate increase for any given body temperature is correspondingly less. It is interesting to note that ice applied to the skin lowers the pulse-rate when the rectal temperature is unaltered, or even if it is moving in the reverse direction. It should be borne in mind that in all forms of pyrexia the metabolic rate rises by about 7% with each 1°F. rise of body temperature. It is reported that body temperatures up to 107-6' F. can be maintaine(d for hours by this means in robust subjects.
It is claimed for the electropyrexial technique that it is more flexible than the other procedures suggested, and that various types of body temperature curves can be obtained. Normally the temperature of the subcutaneous tissues of the thorax and abdomen is 2°F. lower than in the internal organs: this difference increases as one passes more distally in the limbs to a maximum of 5' F. This gradient persists to a greater extent in electropyrexia than in external heating, and is claimed to be of advantage.
The main changes taking place in the body during hyperpyrexia are as follows (1) The pulse-rate may rise up to 160 per mninute. It is interesting that Delaroche, who in 1806 exposed himself to an external atmosphere of 650 C., showed a pulse-rate of this order. The same effect ean be produced by a hot bath at 110 F., with a bo(ly temperature of 104-6' F.
(2) The systolic blood-pressure is said to rise in electropyrexia, but may be seriously lowered (even down to 60 mm.) in the erect position with external heating. The diastolic pressure miay fall even to zero.
(3) Too little is known about the electrocardiographic changes for dogmatic statements to be made.
(4) The cardiac output is increased, though exact ml-easuremnents are not available.
The circulation time which (using the sodium cvanide method) varies inversely with the output of the heart, may fall from the normal of 20 seconds to 6 seconds when the bodly temperature is 105(8X F. There can be no doubt from the data just presented that the heart during hyperpyrexia is subjected to very considerable strain. The output is increased and the systolic blood-pressure is raised, w!ith the result that the work of the heart is much greater than it is normally. Owing to the cardiac acceleration which is present, the duration of the diastolic pause is cut down so that the period available for recovery is diiminished. Most serious of all, probably, is the great diminution in diastolic pressure which gravelv affects the nutrition of the heart. The coronary inflow takes place almost entirely during dia8tole, and depends directly on the so-called mean blood-pressure (i.e. the mean between systolic and diastolic pressure). The great lowering of diastolic pressure must cause a diminished blood supply to the heart, with inevitable impairment of its efficiency. Lastly, it has to be borne in mind that the heart is suibjected to these conditions of strain for periods up to eight hours. It is no wonder, therefore, that cardiac complications occur, and that stoppage of the heart is not unknown.
(5) Respiratory rate increases initially, but subsequently it may become irregular or Cheyne-Stokes in character; bouts of apnoea may occur of increasing duration (up to one minute) and frequency (every three minutes) interspersed with periods of hyperpncea. Respiratory arrest may finally take place.
(6) Blood CO2 may fall to 30 vols.00 during the initial phase of over-ventilation, and considerable alkaloemia develops (pH 7.6).
(7) There are doubtful changes in the white cell count; an initial leucopenia followed by a neutrophil leucocytosis with young forms is described.
(8) The most important blood changes, however, are chiefly due to the immense secretion of sweat. The facts about sweat composition are complex. There may be large individual variations in the NaCl concentration in the sweat (e.g. x 2). As acclimatization occurs in hot environments, the NaCl concentration may fall from round 25 m-equiv. (0.9%/) to 12-18 m-equiv. In one case (Dill, 1938) it fell in four days from 0.75% to 0.55%0. This compensatory reaction is of importance as it helps to conserve sodium chloride in the body. This adaptation would presumably not occur during a bout of artificially induced hvperpyrexia. The sweat lactate concentration may be very high, up to twenty times that of the blood lactate.
Water loss from the skin may be 8-11 litres in five to eight hours. In the dry torrid heat of Boulder Citv, Nevada (380-44c C. maximiial shade temperature, humidity 6-30%), the sweat output was 79 litres in fourteen days (5 5 litres per day) with, of course, corresponding NaCl loss (cf. Dill, 1938) . Unless adequately compensated for by drinking weak saline, dehydration and salt loss muist result, with a diminishing of the blood volume and increasing viscosity. Although the concentration of the plasma electrolytes generally is increased, the plasma Na and Cl concentrations are diminished, owing to the extensive loss in the sweat. The total crystalloid osmotic pressure of the plasma is unchanged. The red cell count may rise, and so does the plasma protein concentration. The changes lead to the well-known heat cramps in muscles. The changes just described must, in the main, take place also during electropyrexia, though here, possibly, sweating maybe less extensive.
It is clear that in these pyrexial experiments one is working at the extreme linlit of tolerance, and a definite element of risk is involved. Of the discomfort experienced, both the literature and the patients own stories are eloquent testimnony.
